Electrical transport measurements of the heavy fermion compound YbFe2Zn20 were carried out under pressures up to 8.23 GPa and down to temperatures of nearly 0.3 K. The pressure dependence of the low temperature Fermi-liquid state was assessed by fitting ρ(T ) = ρ0+AT n with n = 2 for T < TFL. Power law analysis of the low temperature resistivities indicates n = 2 over a broad temperature range for P 5 GPa. However, at higher pressures, the quadratic temperature dependence is only seen at the very lowest temperatures, and instead shows a wider range of n < 2 power law behavior in the low temperature resistivities. As pressure was increased, TFL diminished from ∼ 11 K at ambient pressure to ∼ 0.6 K at 8.23 GPa. Over the same pressure range, the A parameter increased dramatically with a functional form of A ∝ (P − Pc) −2 with Pc ≃ 9.8 GPa being the critical pressure for a possible quantum critical point.
I. INTRODUCTION
Strongly correlated electron systems manifest a rich variety of electronic and magnetic properties that have fascinated scientists for decades; Mott insulators, 1 exotic superconductors, 2,3 and heavy fermions [4] [5] [6] continue to be topics of intense study. Heavy fermions are a subset of materials known as Kondo lattices. In a Kondo lattice system, near the characteristic Kondo temperature, T K , the moment bearing ions in the lattice each act as a Kondo impurity, with which the conduction electrons hybridize and create a screening cloud of dynamically polarized electrons. At lower temperatures, the conduction electrons become coherent and manifest Fermi-liquid (FL) behavior. This leads to a myriad of novel features in measurements of the Kondo lattice's thermodynamic and transport properties at and below T K : the susceptibility, which has a local moment-like, paramagnetic behavior at high temperatures, shows a loss of local moment behavior below T K ; in measurements of specific heat, a large Sommerfeld coefficient for T < T K points to a large effective electron mass; resistivity measurements for T ≪ T K are Fermi-liquid-like and are consistent with a large electronic density of states at the Fermi energy.
The YbTM 2 Zn 20 (TM = Fe, Co, Ru, Rh, Os, and Ir) compounds form a family of Yb-based heavy fermions where subtle changes in the hybridization of the Yb local moment with the conduction electrons can be achieved by changing the transition metal (TM) element. These materials show classical heavy fermion behavior in their physical properties. [7] [8] [9] [10] [11] Of this series, YbCo 2 Zn 20 seems to be an outlier with T K much lower than those of the other five members (T K = 33, 30, 16, 20, and 21 K for TM = Fe, Ru, Rh, Os, and Ir, respectively, and T K = 1.5 K for TM = Co). 7 Specific heat measurements yielded large Sommerfeld constants (γ = 520, 580, 740, 580, 540 mJ/mol K 2 for TM = Fe, Ru, Rh, Os, and Ir, respectively, and an exceptionally large value of 7200 mJ/mol K 2 for YbCo 2 Zn 20 ). 7 Magnetic susceptibility measurements show Curie-Weiss behavior at high temperatures and a broad maximum at low temperatures, signalling a Kondo screened local moment. When the magnetic component of the resistivity is isolated by subtracting from it the resistivity of the non-magnetic counterpart LuTM 2 Zn 20 , the resistivities of all members of the YbTM 2 Zn 20 series show a local maximum near T K . Below T K , the coherent scattering of electrons decreases the resistivity until at very low temperatures, a wide temperature range of T 2 behavior signals the onset of Fermi-liquid behavior.
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Although no indication of low temperature, local moment order was found for any of the YbTM 2 Zn 20 compounds, [7] [8] [9] [10] [11] by combining the idea of the basic Doniach model 13 with simple steric arguments, it is anticipated that the application of pressure will stabilize localmoment-like states in Yb-based Kondo lattic systems. Indeed under pressure, indications of a magnetic instability were seen in YbCo 2 Zn 20 . When a modest pressure of ∼ 1 GPa was applied, the resistivity measurement showed an anomaly, possibly magnetic in origin, at ∼ 0.15 K.
14,15 Given the drastic difference in Kondo temperatures between YbCo 2 Zn 20 and YbFe 2 Zn 20 a significantly larger amount of pressure is expected to be needed to drive the YbFe 2 Zn 20 system to a magnetically ordered state at low temperature. For YbCo 2 Zn 20 , at the critical pressure needed to induce an ordered state, the temperature of the local maximum of the magnetic component of the resistivity (T max ), was at its minimum value. A similar minimum was also seen in pressure measurements on YbRh 2 Zn 20 and YbIr 2 Zn 20 at ∼ 3 GPa, 15, 16 however, no features signalling magnetic ordering were seen down to 2 K for these compounds. This is not surprising considering the magnetic ordering temperature for YbCo 2 Zn 20 was, at most, ∼ 0. For resistivity measurements, the single crystals were polished down to appropriate dimensions for the two types of pressure cells used: 1.6 × 0.5 × 0.4 mm 3 for the piston cylinder cell (P 2 GPa) 19, 20 and typically 700 × 150 × 30 µm 3 for the modified Bridgman anvil cells (mBAC) (2.85 ≤ P ≤ 8.23 GPa). 21 The small sizes of the samples used in these pressure cells lead to relatively large geometric errors in the resistivity values. Therefore, all resistivity measurements were normalized to that of a single measurement on a large sample which was used in a previous study on the transport properties of Ybbased heavy fermions.
9,10 The normalization was done by multiplicatively matching the resistivity at ambient pressure and at 298 K, then applying the same multiplicative value to the rest of the resistivity measurements under pressure. Given that these materials have cubic unit cells, [7] [8] [9] [10] 17 this normalization procedure is considered to be quite reliable.
The piston cylinder cell was used for pressure measurements up to about 2 GPa. 19, 20 This cell was designed to be used in a Quantum Design Physical Properties Measurement System (PPMS) with the dc resistivity option. The cell was fitted with a NiCrAl inner core and the pressure medium was a mixture of 6 : 4 n-pentane : mineral oil. At room temperature, the pressure inside the cell was monitored by using the resistance of a Manganin wire and at low temperatures, the superconducting transition temperature of a lead sample was used.
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A modified Bridgman anvil cell was used for resistivity measurements at pressures up to about 8.2 GPa. This cell has been designed to work inside a PPMS and has been modified to use a liquid pressure medium.
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For this study, two pressure media were used with the mBAC: a mixture of 1 : 1 n-pentane : iso-pentane and a mixture of 1 : 1 Fluorinert 70 : Fluorinert 770 (1 : 1 FC70 : FC770). [23] [24] [25] [26] Despite the the lower pressure of solidification at room temperature of the latter liquid medium, its lower compressibility allowed higher pressures to be more readily achieved. As in the piston cylinder cell, the superconducting transition temperature of a lead sample was used as a pressure gauge within the mBAC sample space.
At ambient pressure, YbFe 2 Zn 20 samples had residual resistivity ratios that varied from 18 to 38. The lowtemperature resistivity follows ρ(T ) = ρ 0 + AT 2 with the value of A having an average of 7.0±0.3×10 −10 Ω cm K 2 and the crossover temperature, T FL , below which this form fits the data, has an average value of 11.4 ± 0.8 K.
With two different pressure cells and three different liquid media, there are clear, albeit small, differences between the various pressure dependent data sets, that may (in part) be attributed to cell to cell and/or sample to sample differences but these are small compared to the much larger changes due to pressure (see Fig. 8 below and associated discussion). For low temperature measurements, down to nearly 0.3 K, a CRYO Industries of America 3 He system was used to measure samples under pressure with the mBAC.
For most pressure cells, one cycle of cooling and warming causes a pressure cell to thermally contract and expand. One subtlety of pressure measurements with the mBAC is that this thermal cycling can induce a modest pressure increase within the pressure cell. This is the origin of the slight pressure differences between subsequent measurements with the PPMS (used for measurements down to 2 K) and the 3 He system (used for measurements down to nearly 0.3 K). An example of this effect is seen below in Fig. 3 .
III. RESULTS
Temperature dependent resistivity measurements of YbFe 2 Zn 20 , at ambient pressure and under pressures up to 2.03 GPa, are shown in Fig. 1 . These measurements were taken using a piston cylinder cell. As temperature is decreased from 300 K (inset of Fig. 1 ) the resistivity decreases in a near-linear manner until, near 30 K, a broad shoulder-like drop appears. Below this shoulder, the resistivity decreases rapidly with temperature and at the lowest temperatures manifests T 2 behavior. As the applied pressure is increased, the shoulder shifts to lower temperatures and the resistivity data for temperatures just above the shoulder flattens.
For measurements at higher pressures, the mBAC was used with both the 1 : 1 n-pentane : iso-pentane mixture and the 1 : 1 FC70 : FC770 mixture. Figure 2 shows resistivity measurements with an mBAC for pressures up to 5.14 GPa using 1 : 1 n-pentane : iso-pentane as the liquid pressure medium. As pressure is applied, a local maximum in the resistivity above the shoulder grows as the shoulder itself shifts to lower temperatures.
The ρ(T ) = ρ 0 + AT 2 behavior that persisted up to 
FIG. 2: (Color Online)
Low temperature resistivity measurements under pressure using a modified Bridgman anvil cell with 1 : 1 n-pentane : iso-pentane as the liquid pressure medium, reaching a maximum pressure of 5.14 GPa. Inset: Resistivity curves for the full temperature range up to 300 K for pressures at 0, 2.85, and 5.14 GPa.
about 11 K at ambient pressure is diminished to a lower temperature range and the upward curvature becomes steeper as pressure is increased. Measurements with the PPMS down to 2 K show quadratic behavior up to ∼ 3.3 K at 4.58 GPa (Fig. 3) . T FL was defined as the temperature at which the difference between experimental resistivity data, ρ exp , and linear fits to the ρ exp versus T 2 data, ρ fit , became greater than 0.01 µΩ cm. For pressures where T 2 behavior was still observable above 2 K, T FL was determined from measurements with the
In order to explore the possibility of magnetic ordering at lower temperatures, measurements of resistivity down to nearly 0.3 K for 4.20 and 4.73 GPa were taken using a 3 He cryostat, shown in Fig. 3 . These measurements revealed no resistive anomalies down to almost 0.3 K and confirmed that T 2 behavior persists down to our lowest temperatures. In order to achieve higher pressures, the 1 : 1 FC70 : FC770 liquid medium was used with the mBAC. Figure 4 shows selected resistivity curves for pressures up to 8.23 GPa from two different packings of the pressure cell (each using one half of the same crystal as a sample). The resistivity in the high temperature region, between 30 and 300 K, continues to decrease with temperature (inset of Fig. 4 ) in a near-linear fashion. The broad shoulder once again changes into a broad maximum with pressure and further increases up to 8.23 GPa reveal this maximum sharpening.
Measurements down to nearly 0.3 K were also conducted with 1 : 1 FC70 : FC770 as the liquid medium in the mBAC (Fig. 5) . No features associated with magnetic ordering were seen in the data for pressures up to 8.23 GPa. Above 5 GPa, the range of T 2 behavior is suppressed to below 2 K. This decrease in T FL continues with pressure and, at 8.23 GPa, the T 2 behavior is found only up to T ∼ 0.6 K (T 2 ∼ 0.3 K 2 ). 
IV. DISCUSSION
The application of pressure to Yb-based heavy fermion systems can shift the system from being dominated by the Kondo effect and manifesting low-temperature FL behavior, to being more local-moment like and even, in some cases, to manifesting long-range order. [27] [28] [29] [30] In resistivity measurements of a Kondo lattice system, the logarithmic rise of resistivity due to the Kondo effect is countered by the coherent scattering of the electrons at lower temperatures, creating a local maximum in the resistivity. Since the Kondo temperature, T K , sets an energy scale for a crossover from a local moment to a Kondo-screened moment state and is not correlated with any sharp features in physical measurements, it becomes necessary to isolate the magnetic contribution from the resistivity data in order to help determine, or set limits on, T K . It is expected that the position of this local maximum scales with T K .
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The total resistivity of YbFe 2 Zn 20 can be described as a combination of non-correlated, normal metal resistivity and a magnetic contribution to the resistivity. The normal metal resistivity, can be approximated by the temperature-dependent resistivity of LuFe 2 Zn 20 , which, with a full 4f shell, is a non-magnetic analogue to YbFe 2 Zn 20 . Both Yb and Lu curves are shown in the inset of Fig. 6 . By taking the difference, ρ mag = (ρ − ρ 0 ) Yb − (ρ − ρ 0 ) Lu , the partially filled 4f shell contribution to the resistivity can be effectively isolated. This is shown for several measurements under pressure in Fig. 6 . For the subtraction, only the ambient pressure resistivity values of LuFe 2 Zn 20 were used and is the likely cause of the negative ρ mag values at higher temperatures. (Color Online) The magnetic contribution, ρmag = (ρ − ρ0) Yb − (ρ − ρ0)Lu, to the total resistivity for various pressures are shown on a semi-log scale. The inset shows the ambient pressure curves for YbFe2Zn20 and its nonmagnetic analogue LuFe2Zn20.
It is apparent that the low temperature maximum in the magnetic component of the resistivity decreases with pressure. For Kondo lattice systems, the electrons participating in the spin-dependent screening in the region of the Kondo temperature are intimately related to the Fermi-liquid quasiparticles at low temperatures. With previous results for YbCo 2 Zn 20 having shown indications of a magnetic transition when T FL was suppressed, 14, 15 it is expected that a quantum critical point will also be reached when T FL in YbFe 2 Zn 20 has been driven to zero.
The suppressions of T max and T FL with pressure for YbFe 2 Zn 20 are shown in Fig. 7 . If the minimum of T max is indeed an indicator that the system will manifest mag-netic ordering, 15 then for YbFe 2 Zn 20 , the critical pressure may well be at a slightly higher pressure than the maximum achieved in this study. Furthermore, the Fermiliquid state is almost completely suppressed by 8.23 GPa, another indicator that the system should be near its critical pressure value. The influence of pressure on the Fermi-liquid behavior of YbFe 2 Zn 20 is shown more clearly in Fig. 8 . In Fig. 8(a) , the spread of T FL values seen at ambient pressure is small compared to the overall change in T FL over the 8 GPa pressure range. Although T FL has not been driven to zero by our maximum pressure, extrapolation of T FL (P ) suggests that this will occur at higher pressures in the range of 9-10 GPa. The plot of the T 2 coefficient, A, as a function of pressure (Fig. 8(b) ) shows divergent behavior with pressure, consistent with the diminishing T FL and closeness to a quantum critical point.
The divergence of A(P ) is very clearly quantified in Fig. 8(c) where the progression of A −1/2 with pressure is shown. A linear fit to the data, denoted by the black dashed line, shows that A −1/2 will go to zero (indicating an infinitely large A value) at ∼ 9.8 GPa. These data indicates that A ∝ (P − P c ) −2 with P c ≃ 9.8 GPa. It should be noted that data for ρ 0 (P ) (not shown) does gradually increase from P = 0 to 8.23 GPa, effectively doubling in value from ambient to highest pressure.
At our highest pressures, A increases rapidly indicating a proximity to a quantum critical point near P c = 9.8 GPa. As pressure increases from atmospheric pressure to ∼ 8 GPa, we anticipate that the low temperature electronic specific heat, γ, increases. By using the Kadowaki-Woods plot in Fig. 4 of Ref. 7 , we can predict an increase in γ from 520 mJ/mol K 2 to ∼ 2000 mJ/mol K 2 or greater at 8.23 GPa depending on whether all crystalline electric field split levels are comparable or lower than T K .
For P > P c ∼ 9.8 GPa, long-range magnetic ordering is expected. Such behavior was speculated to be seen with YbCo 2 Zn 20 , where at P c ≈ 1.0 GPa, a small anomaly in the resistivity appeared near 0.15 K.
14 The large difference in the pressure needed to drive these systems to a quantum critical point is attributed to their large difference in ambient pressure Kondo temperatures (T K = 1. suggesting that magnetic ordering in YbFe 2 Zn 20 might be found as high as ∼ 1 K for P 9.8 GPa.
Furthermore, RFe 2 Zn 20 compounds, for R = Gd-Tm, manifest ferromagnetic ordering with the Curie temperature, T C , for Gd as high as 86 K.
9, 17 The enhanced T C 's of these compounds are thought to be associated with the near Stoner nature of YFe 2 Zn 20 and LuFe 2 Zn 20 .
9,10,17
This then raises the possibility that the magnetic ordering that evolves with pressure from the Fermi-liquid state of YbFe 2 Zn 20 might be more complex than simple antiferromagnetic order.
To further investigate the possibility that a QCP is being approached, an analysis of the progression of the power law behavior at low temperatures and high pressures was done. Figure 9 shows the results for pressures where measurements down to ∼ 0.3 − 0.4 K were taken. Data from base temperature to 3 K are results from measurements in the 3 He cryostat and above 3 K, results from measurements in the PPMS. In this analysis, the lowest temperature ρ 0 from a T 2 fit was used for both sets of measurements. As expected, low pressure measurements show n = 2 at base temperatures across a decade of temperature. The large noise in the low temperature data for 3.90 and 4.58 GPa is restricted to one particular packing of the pressure cell (with higher noise) as the higher pressure n values (from different pressure cell packings) do not suffer from such large noise. For pressures above 4.58 GPa, n = 2 for a short range at low temperatures then gradually decreases as temperature increases. For the highest pressures where P ≥ 5.71 GPa, n = 2 for only the lowest temperatures and instead shows n close to 1.5 for a significant temperature range. Since at our highest pressure, 8.23 GPa, is still below the expected P c ≈ 9.8 GPa, it is still possible that by 9.8 GPa, the system will manifest an n = 1.5 power law behavior over a wider temperature range. If AFM order does arise at the critical pressure, this would be consistent with the results for spin fluctuation theories by Hertz and Millis as well as Moriya [34] [35] [36] where an n = 1.5 power law is predicted for a 3D AFM system. On the other hand, if ferromagnetic ordering occurs, n ≈ 1.33 or 1.67 is predicted by Moriya 36 for 2D or 3D systems, respectively.
Another possibility is that instead of a QCP, we may be approaching a quantum critical region where neither Fermi-liquid behavior nor magnetic ordering exists and instead another exotic ground state may stabilize which is then followed by, at higher pressure, a magnetically ordered state. [37] [38] [39] [40] [41] [42] It is evident that higher pressure measurements are necessary to further explore these possibilities.
V. CONCLUSION
The resistivity of YbFe 2 Zn 20 was measured under pressure up to 8.23 GPa and down to temperatures of almost 0.3 K. Increasing pressure drives the characteristic Kondo temperature, T K , to lower temperatures and diminishes the range of Fermi-liquid behavior. The dramatic enhancement of A as pressure increases to 8.23 GPa suggests a close proximity of YbFe 2 Zn 20 , at our highest pressure, to a quantum critical point where the system may develop a new magnetic ground state. Although not reached in this study, the critical pressure for YbFe 2 Zn 20 can be inferred from A(P ) ∝ (P − P c ) −2 to be P c ≃ 9.8 GPa.
